Small noncoding RNAs identified thus far are all encoded by the nuclear genome. Here, we report that the murine and human mitochondrial genomes encode thousands of small noncoding RNAs, which are predominantly derived from the sense transcripts of the mitochondrial genes (host genes), and we termed these small RNAs mitochondrial genome-encoded small RNAs (mitosRNAs). DICER inactivation affected, but did not completely abolish mitosRNA production. MitosRNAs appear to be products of currently unidentified mitochondrial ribonucleases. Overexpression of mitosRNAs enhanced expression levels of their host genes in vitro, and dysregulated mitosRNA expression was generally associated with aberrant mitochondrial gene expression in vivo. Our data demonstrate that in addition to 37 known mitochondrial genes, the mammalian mitochondrial genome also encodes abundant mitosRNAs, which may play an important regulatory role in the control of mitochondrial gene expression in the cell.
Introduction
Mitochondria are organelles that mainly function as the "powerhouse" by producing ATP through the oxidative phosphorylation system (OXPHOS) in most eukaryotic cells [1, 2] . Dependent or independent of their energy-producing function, mitochondria are also involved in many other cellular processes, such as cell signaling, cell differentiation, cell death and cell proliferation [3] [4] [5] [6] . Mitochondria contain their own genetic materials, i.e., mitochondrial DNA (mtDNA). The mitochondrial genome displays characteristics different from those of its nuclear counterpart, including the use of divergent genetic codes, transmission by maternal inheritance, a higher mutation rate, polyploidy status and compact organization, etc. [7] . The transcriptional machinery utilized by mitochondria consists of at least three transcription factors (TFAM and either TFB1M or TFB2M for initiation, and mTERF for termination), mitochondrial RNA polymerase (POL-RMT), and mitochondrial poly (A) polymerase, which allows the transcription of a small number of functionally important genes in the mitochondrial genome [8] . In both mice and humans, mtDNA harbors 37 genes encoding 2 rRNA subunits (12S and 16S rRNAs), 22 transfer RNAs (tRNAs) and 13 polypeptides that are all involved in OXPHOS [9] . Mitochondrial defects in these genes have been implicated in a wide variety of degenerative diseases, cardiac dysfunction, aging and cancers [10] .
The discovery of numerous small noncoding RNA (sncRNA) species encoded by the nuclear genome, including microRNAs (miRNAs) [11] [12] [13] , piwi-interacting RNAs (piRNAs) [14] [15] [16] , endogenous small interfering RNAs (endo-siRNAs) [17] [18] [19] [20] and promoter-associated small RNAs (PASRs) [21] [22] [23] , has changed our view on the regulation of gene expression because we now know
Results

The mammalian mitochondrial genome encodes numerous small RNAs
In our efforts of cloning sncRNAs from the mouse ovary using the Sanger sequencing method [27] , we identified 12 small RNAs that were uniquely mapped to the mitochondrial genome (Supplementary information, Figure S1A ). The expression of the 12 mouse mitochondrial genome-encoded small RNAs (mitosRNAs) and 9 predicted orthologous human mitosRNAs was confirmed using a small RNA RT-PCR method [28] (Supplementary information, Figure S1B and S1C). To define the full mitosRNA transcriptome, we subsequently performed 454 deep sequencing using small RNA libraries of the mouse testis, mouse small intestine and human small intestine. From nearly half a million 454 sequencing reads obtained, we identified 1 499 and 2 540 non-redundant small RNA sequences (ranging from 12-137nt) that were uniquely mapped to the mouse and human mitochondrial genomes, respectively ( Figure 1 and Supplementary information, Tables S2-S5). A total of 1 285 murine mitosRNAs and 2 110 human mitosRNAs were mapped to the heavy (H) strands of the murine and human mtDNA, respectively. In contrast, 214 mouse mitosRNAs and 430 human mitosRNAs were derived from the light (L) strands of the murine and human mtDNA, respectively. This distribution pattern is consistent with that of other known mitochondrial genes encoding rRNA, tRNA and mRNA (28 on the H strand and 9 on L strand) ( Figure  1 and Table 1 ). MitosRNAs were mapped to regions throughout the mouse and the human mitochondrial genomes. The majority of mitosRNAs were mapped to known mitochondrial genes (rRNAs, tRNAs and mRNAs) and the D-loop region in a sense orientation, whereas few mitosRNAs were in an antisense orientation (Table 1) . Numerous homologous mitosRNAs displayed overlapping sequences in three distinct patterns: 5′-aligned, staggered and 3′-aligned (Figure 1 and  Supplementary information, Tables S2-S5) .
Mapping, nomenclature and structural features of mitosRNAs
We grouped mitosRNAs derived from a single mitochondrial gene into a cluster and the host gene is reflected in the name of the cluster (e.g., mmu-mitosR-H-R1-1-87 representing all of the 87 mouse mitosRNAs derived from Rnr1 on the H strand). A total of 39 mitos-RNA clusters were identified, including 37 from known mitochondrial genes, one from the region of origin of replication for L strand (OL) and one from the D-loop region (Supplementary information, Tables S2-S5) . Most of the mitosRNAs were located within a single known mitochondrial gene, whereas few were mapped to a region spanning over two genes (Supplementary information, Table S6 ). Number of mitosRNAs contained within each of the 39 clusters varies, but the distribution pattern of the number of mitosRNAs among 39 mitosRNA clusters was well conserved between mice ( Figure 2A ) and humans ( Figure 2B ). Rnr2, one of the two rRNA genes encoded by the mitochondrial genome, hosts the highest number of mitosRNAs in the two organisms ( Figure  2A and 2B). Although the majority of mitosRNAs were mapped to their host genes in a sense orientation, a few mitosRNAs were fully complementary to the sense transcript of their host genes, which we termed mitosRNA* to distinguish from their sense counterparts. The major size of mitosRNAs ranged between 30-39 nt in mice and 20-29 nt in humans, although mitosRNAs can be as short as 12 nt and as long as 137 nt in length ( Figure 2C ). H strand-derived mitosRNAs usually start with adenine (A) and end in A, cytosine (C), or thymine (T) in both humans and mice, whereas the L strand-derived mitosRNAs appear to prefer "TA" at their 5′-ends and "TT" in the third and fourth positions from the 3′-termini ( Figure  2D ).
Differential expression patterns of mitosRNAs among organs and species
We then analyzed the expression of five mouse mitosRNA clusters and their human orthologs in multiple organs ( Figure 3A ) using a PCR-based small RNA quantification method [28] . One mitosRNA cluster contains all of the homologous mitosRNAs displaying overlapping sequences with small differences in either their 5′-ends, middle portions or 3′-ends in three distinct patterns: 5′-aligned, staggered and 3′-aligned (Supplementary information, Tables S2-S5) , which can be amplified simultaneously by the PCR method [28] . PCR products contain amplicons with a size ranging between ~100-120 bp, including sequences of the mitosRNA (~20-40 nt) and the miRTQ linker (84 nt) [28] . Therefore, the PCR products appeared as thicker bands in gel images ( Figure 3A) . The amplicons were sequenced and confirmed to contain all of the homologous mitosRNAs (Supplementary informa-
npg Figure 1 Mapping of mitosRNA sequence reads to the mitochondrial genome. (A) 1 499 non-redundant mouse mitosRNAs were mapped to the mouse mitochondrial genome. 1 285 and 214 mouse mitosRNAs were mapped to the H and L strands, respectively. (B) 2 540 human mitosRNAs were mapped to the human mitochondrial genome. 2 110 and 430 human mitosRNAs were mapped to the H and L strands, respectively. Note that the majority of mitosRNAs were mapped to known mitochondrial genes (rRNA, tRNA and mRNA) and the D-loop region in a sense orientation. Representative alignment patterns of mitosRNA homologs, including 5′-aligned, staggered and 3′-aligned, are shown as insets. The 37 mitochondrial genes are indicated on the map in different colors: blue, tRNAs on H; purple, rRNAs on H; gray, mRNAs on H; red, tRNAs on L; orange, mRNA on L. Origin of replication for L (OL) and D-loops are also indicated in yellow. Tables S2-S5 ). The five mouse mitosRNA clusters were detected in all of the seven organs analyzed and the five human mitosRNA clusters appeared to display organ specificity (e.g., hsa-mitosR-H-Q*_1-5 and H-X1_38-42 in Figure 3A ). Sequencing analyses of the PCR products revealed that mitosRNA contents in each of the clusters were similar in the mouse organs, but were different in the human brain and heart vs. gastrointestinal tissues (e.g., for hsa-mitosR-H-R2_1-16, longer mitosRNAs were detected in the brain and heart, whereas shorter mitosRNAs were detected in the gastrointestinal tissues) ( Figure 3A , right upper panel). Similar phenomena were observed in expression patterns of 12 mouse mitosRNAs cloned from the ovary and 9 predicted orthologous human mitosRNAs (Supplementary information, Figure S1B and S1C), suggesting that expression of mitosRNAs may be more tissue-specific in humans than in mice.
MitosRNAs are not RNA turnover products, but generated by ribonucleases Small RNAs, including miRNAs and small nucleolar RNAs (snoRNAs), which are generated by ribonucleases, contain 5′ phosphate and 3′ hydroxyl termini, whereas most RNA turnover products possess a 5′ hydroxyl terminus [29] . To confirm that these mitosRNAs were not RNA turnover products, we next examined whether mitosRNAs contained a phosphate group at their 5′ ends. Small RNA cDNA libraries of mouse or human small intestine were constructed with or without dephosphorylation of small RNAs ( Figure 3B ). Five mouse ( Figure 3C , left panel) and 5 human ( Figure 3C , right panel) mitosRNAs were amplified by PCR using each mitosRNA-specific primer and a universal primer miP2 (Supplementary information, Table S1 ). No amplification was observed in any of the 5 murine or 5 human mitosRNAs when dephosphorylated small RNAs were used to construct the small RNA cDNA library ( Figure  3C , bottom panels), whereas all were amplified from the non-dephosphorylated small RNA cDNA libraries ( Figure  3C , top panels). The same result was obtained from two controls, including a miRNA let-7d and a snoRNA U80 ( Figure 3C ). Sequencing analyses of the PCR products confirmed that all five mouse mitosRNAs were indeed amplified (Supplementary information, Tables S2-S5). Among five human mitosRNAs, two showed perfect match to the cloned mitosRNAs (Supplementary information, Table S3 ) except hsa-mitosR-H-Q*_1-5 (missing 2 nt at 5′), hsa-mitosR-H-X1_38-42 (containing an extra 23 nt at 5′) and hsa-mitosR-L-DL_4-10 (containing 3-5 nt at 5′). The three unmatched human mitosRNAs were those predicted based on their mouse orthologs. Sequencing analyses confirmed that PCR products of the two control small RNAs let-7d and U80 all matched to their sequences. The ~230 bp PCR products amplified along with the mitosRNAs represented the full-length cDNA generated using the primer pair miP2 and RTQUN1r during PCRs ( Figure 3B ). These data indicate that mitosRNAs have a phosphate group at their 5′-ends, as do miRNAs and snoRNAs, suggesting that they represent small RNA products generated by yet-to-be-identified ribonucleases.
MitosRNAs are localized to mitochondria
We then purified mitochondria from murine brain or liver cells, and performed northern blot analyses using small RNAs isolated from mitochondrial and cytosolic fractions ( Figure 4A-4F) . Mmu-mitosR-L-A_3 (derived from TrnA on L strand) and mmu-mitosR-L-P+_6 (from TrnP on L strand) were detected along with TrnA and TrnP in mitochondrial fractions, but not in cytosolic fractions of brain cells ( Figure 4A and 4B). Mmu-mitosR-H-A*_1 (antisense to TrnA on H strand) and mmu-mitosR- Figure 4C and 4D). These two antisense mitosRNAs were also exclusively detected in mitochondria of both brain and liver cells ( Figure 4E and 4F). Taken together, mitosRNAs appear to be exclusively localized to mito- 
MitosRNAs are indeed encoded by the mitochondrial genome rather than nuclear mtDNA-derived pseudogenes
To exclude the possibility that mitosRNAs are derived from transcripts of numerous nuclear pseudogenes of mitochondrial DNA [30] [31] [32] , we performed mitosRNA deep sequencing (mitosRNA-Seq) using wild-type (WT) and mtDNA-depleted (Rho0) cells of PNT1A (an immortalized human prostate epithelial cell line) cells [33] . Compared with WT PNT1A cells, levels of all mitosRNAs were drastically reduced or largely absent in Rho0 PNT1A cells ( Figure 5 and Supplementary information, Table S7 ). The global reduction in mitosRNA transcriptome correlated well with the global depletion of mitochondrial DNA, suggesting that mitosRNAs are truly encoded by the mitochondrial genome.
MitosRNAs target antisense transcripts and enhance the expression of their host mitochondrial genes in vitro
Mmu-mitosR-L-A_3 and mmu-mitosR-L-P+_6 are mapped to the 3′-half of TrnA and TrnP in a sense orientation, respectively ( Figure 6A and 6B). To test the effects of these two mitosRNAs on the expression of their host genes TrnA and TrnP, we transfected the NIH 3T3 cells with L-A_3-sen (sense), L-P+_6-sen (sense), L-A_3-anti (antisense) or L-P+_6-anti (antisense) RNA oligos. Non-specific scrambled RNA oligos, mismatched RNA oligos and samples without transfection were used as controls. Expression levels of TrnA and TrnP were almost doubled when L-A_3-sen and L-P+_6-sen was introduced to the cells, respectively ( Figure 6A and 6B). In contrast, TrnA and TrnP levels were significantly reduced when cells were transfected with L-A_3-anti and L-P+_6-anti oligos, respectively ( Figure 6A and 6B). No effects were observed when scrambled or irrelevant/ mismatched small RNA oligos were used in transfection ( Figure 6A and 6B). A similar experiment was performed to examine the effects of mmu-mitosR-H-X1_46 on its target, mitochondrial Cox1 mRNAs. Mmu-mitosR-H-X1_46 was mapped to the middle of the Cox1 open reading frame (ORF). Expression levels of Cox1 mRNA were dramatically reduced with H-X1_46-anti oligos, whereas its levels were increased with H-X1_46-sen oligos (Figure 6C and 6D). These results suggest that mitosRNAs can enhance the production of their host mitochondrial genes, whereas anti-mitosRNAs can inhibit the expression of their host mitochondrial genes in vitro.
DICER inactivation correlates with aberrant mitosRNA production and dysregulated expression of mitochondrial genes
Ribonuclease III DICER can cleave double-stranded RNAs (dsRNAs) and RNAs with a stem-loop structure into endo-siRNAs and miRNAs, respectively [18] . To explore whether mitosRNAs are direct products of DICER, we examined mitosRNA levels in Dicer-null pachytene spermatocytes (one of the male germ cell types) [17, 34] and Dicer-null Sertoli cells (one of the testicular somatic cell types) [35] using a small RNA qPCR method [28] ( Figure 7 ). These Dicer-null germ and somatic cell types were purified from a male germline-specific Dicer conditional knockout (cKO) mouse line [17, 34] and a Sertoli cell-specific Dicer cKO line [35] generated previously. Expression of eGFP in Cre-expressing cells in these cKO lines allowed us to purify Dicer-null pachytene spermatocytes and Sertoli cells with the purity of > 95% [17, 34] .
Levels of nine mitosRNA clusters examined were decreased by ~20-90% in Dicer-null pachytene spermatocytes compared with levels of these mitosRNA clusters in controls ( Figure 7A ). In Sertoli cells, one out of nine mitosRNA clusters analyzed showed upregulated levels, whereas levels of two remained unchanged and six displayed significantly reduced levels ( Figure 7E ). Given that Dicer inactivation cannot abolish mitosRNA production, it is highly unlikely that mitosRNAs are direct products of Dicer cleavage, and the altered mitosRNA expression may reflect secondary effects of Dicer inactivation in these cells.
Consistent with the aberrant expression levels of mitosRNAs in Dicer-null pachytene spermatocytes and [28] . All PCR products were gel-eluted and sequenced to confirm the sequence identity (Supplementary information, Tables  S2-S5 ). miRNA let-7d was used as a loading control. (B) A schematic diagram showing construction of the mitosRNA cDNA libraries with or without dephosphorylation followed by amplification of the 5′-ends of the libraries. Note that the 5′ RNA linker cannot be ligated to small RNAs without the 5′ phosphate and thus cannot be amplified by PCR. (C) Confirmation of the existence of 5′ phosphate on the identified mitosRNAs. MitosRNA cDNA libraries of mice (left) and humans (right) were constructed with or without dephosphorylation followed by PCR amplification. A housekeeping miRNA (let-7d) and a housekeeping snoRNA (U80) were used as loading controls. All PCR products in A and B were subcloned into a TA cloning vector and subjected to sequencing. Figure 7D and 7H) in these cell types appeared to be dysregulated as well. Levels of two mitochondrial rRNAs ( Figure 7B ) and 13 mitochondrial mRNAs ( Figure 7C ) were unchanged or slightly downregulated in Dicer-null pachytene spermatocytes, whereas a ~5-fold decrease in the levels of the same two rRNAs ( Figure 7F ) and 13 mRNAs ( Figure 7G ) was observed in Dicer-null Sertoli cells. Nine of the 22 mitochondrial genome-encoded tRNAs were analyzed and all were downregulated in both Dicer-null pachytene spermatocytes ( Figure 7D ) and Dicer-null Sertoli cells ( Figure  7H ). These results suggest that Dicer inactivation can cause aberrant mitosRNA production and dysregulated expression of mitochondrial genes. However, the causeeffect relation between the aberrant mitochondrial gene expression and dysregulated mitosRNA production in Dicer-null cells remains unclear.
No known components of the RNAi machinery are present inside mitochondria
The findings that mitosRNAs can enhance expression levels of their host mitochondrial genes in vitro and aberrant mitosRNA expression correlates with disrupted expression of mitochondrial tRNA, mRNA or rRNA genes in vivo suggest that mitosRNAs may function to regulate mitochondrial gene expression. One of the most likely mechanisms would be the RNA interference Note that each membrane was partially stripped and re-probed for 5S rRNA, which was used as a loading control. npg (RNAi) mechanism, which is utilized by miRNAs and siRNAs to control mRNA stability and translational efficiency in eukaryotic cells [36] . To examine whether components of the RNAi machinery are present inside the mitochondria, we purified mitochondria from human HEK293T cells and examined the expression of DICER and AGO2 (Supplementary information, Figure S2A -S2C). TOMM22 and COX4, two mitochondrial marker proteins, were predominantly detected in the purified mitochondrial fractions, in which GAPDH and β-Tubulin, two cytosolic proteins, were absent, suggesting that the isolated mitochondria were highly enriched with negligible cytoplasmic contaminations (Supplementary information, Figure S2A -S2B). Although Dicer and AGO2 were readily detected in the total cell lysates, these two proteins were absent in highly enriched mitochondrial fractions, suggesting that mitochondria do not contain the known RNAi components. Primers (e.g., TrnA-1 for TrnA) used for qPCR were also indicated by arrows. SYBR green-based qPCR was performed to determine levels of tRNAs and let-7d was used as an internal loading control for normalization (A and B). qPCR was also performed on Cox1 mRNAs and Gapdh was used for normalization (C and D). Negative controls included nonspecific scrambled mitosRNAs, non-targeting mitosRNA (e.g., transfections with L-P+_6-sen or L-P+_6-anti followed by examining levels of TrnA, which is not their host/target mitochondrial gene) and non-transfected cells. We further searched several known mammalian mitochondria proteomic databases [37] [38] [39] and failed to find any of the known components of the RNAi machinery (e.g., DICER, AGO2, MVH, etc.). These results are consistent with the fact that mitosRNAs are not products of DICER cleavage. Therefore, the biogenesis of mitosRNAs must be mediated by one or more currently unidentified mitochondrial ribonucleases, which may be under the regulation of DICER or DICER-dependent sncRNAs. The lack of any known components of the RNAi machinery inside mitochondria suggests that either mitosRNAs do not function at post-transcriptional levels or there is an alternative RNAi-like machinery operating inside mitochondria.
Discussion
The mammalian mitochondrial genome is a large circular double-stranded DNA, which contains a total of 37 genes encoding 2 rRNAs, 22 tRNAs and 13 mRNAs [6] . The majority of mitochondrial genes are located on the heavy (H) strand (14 tRNA, 2 rRNA and 12 mRNA genes), whereas the light (L) strand harbors 8 tRNA and 1 mRNA genes in both mice and humans. Both strands ; Amh-Cre) mice. Note that qPCR analyses were performed in triplicates and each cell type was purified using pooled testes from multiple mice. Relative levels on the y-axis represent ratios of levels in Dicer-null cells/levels in control cells.
npg (H and L) are transcribed from their own promoters: H strand promoter (HSP) or L strand promoter (LSP) located in the D-loop region [1] . From each promoter, a long polycistronic transcript is generated by a mitochondrial RNA polymerase (Polrmt) [1, 2, 7] . Given that mitochondria possess their completely independent transcription machinery, it is not surprising that the mitochondrial genome, like its nuclear counterpart, also encodes small regulatory RNAs, which we report here as mitosRNAs. Several lines of evidence suggest that mitosRNAs are not random degradation products of mitochondrial transcripts, but rather represent small RNAs processed by unknown ribonuclease(s). First, the size of majority (> 90%) of the murine and human mitosRNAs ranges from 20 nt to 40 nt and their 5′-or 3′-ends display nucleotide preference ( Figure 2C , 2D and Supplementary information, Tables  S2-S5 ). Random distribution of RNA sizes and no nucleotide preference in either end would have been observed if they were RNA turnover products. Second, 86%-96% of murine mitosRNAs and 96%-99% of human mitosRNAs are in the sense orientation (Table 1) , suggesting a selective mechanism during the biogenesis of mitosRNAs. Third, mitosRNAs all contain a 5′-phosphate terminus (Figure 3 ), whereas RNA random degradation products usually possess a 5′-hydroxyl terminus [29] . Fourth, distinct bands with expected sizes were readily detected in northern blots (Figure 4) , and sequencing analyses confirmed that the PCR products indeed contained the sequences expected (Supplementary information, Tables  S2-S5 ). Finally, mitosRNAs can modulate the expression of their host mitochondrial genes in vitro and dysregulated mitosRNAs correlate with aberrant expression of mitochondrial genes in vivo. All of the evidence suggests that mitosRNAs are synthesized by the cell and may play a pivotal role in the control of normal mitochondrial gene expression. Bidirectional transcription of the mitochondrial genome inevitably generates the H-and L-strand transcripts that are complementary to each other. If the antisense transcript was given a chance to bind to the sense transcript, double-stranded RNA (dsRNA) would have been formed, which may theoretically trigger the interferon response [40, 41] , leading to degradation of the dsRNA and thus disrupt mitochondrial gene expression. Therefore, the sense transcript, at least in theory, has to be processed as soon as being transcribed, and its corresponding antisense transcript must be prevented from annealing to the sense transcript. Initially, we predicted that mitosRNAs, which are mainly derived from the sense transcripts and thus mostly are in sense orientation, may represent an army of small RNAs that can target the antisense transcripts by annealing and inducing degradation of the antisense transcripts in a way similar to RNAi. Consequently, the antisense transcripts are prevented from interfering with the processing mechanisms of the sense transcripts (e.g., proper folding of tRNAs, translocation and translation of mRNAs, etc.). Our data from the in vitro transfection assays appeared to support such a hypothesis because overexpression of a sense-oriented mitosRNA increased levels of its host tRNA, whereas introduction of an antisense mitosRNA significantly reduced the levels of its host tRNA (Figure 4 ). If this hypothesis is correct, the lack of mitosRNAs would allow antisense transcripts to interfere with the processing of sense transcripts, and thus, once dsRNAs are formed, it may trigger the interferon response, leading to the degradation of double-stranded mitochondrial transcripts. However, we failed to detect dsRNA formation in Dicernull pachytene spermatocytes (data not shown), though levels of many mitosRNAs were much reduced, suggesting that this hypothesis may not hold true. Moreover, the fact that no known components of the RNAi machinery are present inside mitochondria suggests that mitosRNAs may not function as a post-transcriptional regulator by using the conventional RNAi mechanism. Therefore, mitochondria may possess a unique and independent RNAilike machinery, which allows post-transcriptional regulation by mitosRNAs. Alternatively, mitosRNAs may act as an epigenetic regulator affecting mitochondrial gene expression by modulating mitochondrial DNA methylation [42] . These intriguing hypotheses require further investigation in the future.
Our data also suggest that an unknown pathway exists within the mitochondria, which is responsible for the biogenesis of mitosRNAs. First, in both Dicer-null spermatocytes and Dicer-null Sertoli cells, not all of the mitosRNAs analyzed were abolished or significantly downregulated (Figure 7) . Given the high cell purity (> 95%), it is unlikely that those upregulated or largely unaffected mitosRNAs represented those carried over by contaminating cell types. A more plausible explanation is that, although Dicer inactivation can adversely affect mitosRNA production in the cell in general, a lack of DICER activity cannot completely abolish the production of mitosRNAs, suggesting that mitosRNAs are not the direct products of DICER. Second, the major size of mitosRNAs (~30 nt) is larger than that of DICER products, which is typically at ~22 nt. The majority of mitosRNAs (90%) range between 20-40 nt with a peak at 30 nt in size, and mitosRNAs belonging to the same clusters display overlapping sequences with 5′-aligned, 3′-aligned and staggered patterns, suggesting that these small RNAs are products of unknown ribonucleases present within the mitochondria. Third, no detectable levels of DICER or other components of the RNAi machinery were identified from the lysates of mitochondria purified from spermatocytes. This negative finding is consistent with the fact that datasets from two previous studies reporting that the whole proteome of mitochondria [37] [38] [39] contain neither DICER nor any of the known components of the RNAi machinery. Further investigation on the role of intramitochondrial ribonucleases may reveal the mechanism underlying the biogenesis of mitosRNAs. Given the lack of both DICER and RNAi machinery within mitochondria, it is likely that the altered mitosRNA production and dysregulated mitochondrial gene expression in the Dicer-deficient germ or somatic cells represent secondary effects of global defects in gene regulation due to DICER inactivation and miRNA/endo-siRNA deficiency. Nevertheless, DICER inactivation can affect not only the biogenesis of miRNAs and/or endo-siRNAs [17, 34] , but also the production of other small RNA species, e.g., mitosRNAs. Thus, in addition to effects caused by the lack of miRNAs and/or endo-siRNAs, disrupted mitosRNA transcriptome may contribute to the phenotypes observed in numerous cell lineage-specific Dicer conditional knockout mouse lines [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] .
In summary, data reported here demonstrate that the mammalian mitochondrial genome encodes numerous small noncoding RNAs, which may play an important role in mitochondrial and cellular functions. Dysregulation of mitosRNAs may be involved in human diseases and manipulation of these mitosRNAs may thus spell hopes for future therapeutics for such diseases.
Materials and Methods
Small RNA isolation
Small RNAs were isolated from mouse organs or cells using a mirVanaTM miRNA isolation kit according to the manufacturer's instructions (Ambion). Total RNAs from human brain, heart, stomach, small intestine and colon were purchased from BD Biosciences. Human small RNAs were then isolated from human total RNAs as described in the instructions of the miRNA isolation kit. The concentration of small RNAs was measured using a ND-1000 spectrophotometer (NanoDrop Technologies).
Small noncoding RNA deep sequencing (sncRNA-Seq)
For 454 sequencing, small RNA cDNA (srcDNA) libraries were prepared as described [60] . Briefly, small RNAs were polyadenylated and a 5′-RNA adapter was ligated with the poly(A)-tailed RNA. The ligation products were reverse-transcribed to make srcDNAs. srcDNAs from mouse small intestine and testis and human small intestine were amplified by PCR using two pairs of PCR/sequencing primers (long primers are F-A1 and F-B1r, short ones are Fus-A and Fus-B) (Supplementary information, Table  S1 ) according to the instructions of the sequencing company (454 sequencing, now part of Roche). The PCR reaction was performed using 200 ng of srcDNAs, 1 µl of 10 pM of the long primer pair, 1 µl of 2 pM of the short primer pair, 0.5 µl of 50× dNTP, 5 µl of G/C melt, 1 µl of 25 mM Mg(OAc)2, 0. 15 cycles, and 68 °C, 5 min. After PCR, 1 µl of PCR products were analyzed on a 2% agarose gel. PCR products of ~150-270 bp were gel-eluted and purified using QIAquick Gel extraction kit (QIAGEN). The concentration of srcDNA libraries was measured. Three libraries (50 ng each) were sequenced with the sequencing primer Fus-A using the high-throughput Genome Sequencer 20 DNA Sequencing System (Roche).
For mitosRNA deep sequencing (mitosRNA-Seq) using the Ion Torrent PGM sequencer (Life Technologies), srcDNA libraries of WT or mtDNA-depleted (Rho0) PNT1A cells were prepared and sequenced using Ion 316 chips (Life Technologies) as described previously [34] .
Bioinformatic analysis
Sequence reads were analyzed using our in-house sequence annotation software SeQuery v1.0 as described previously [61] . The sequences were first trimmed by removing the flanking linker and primer sequences. Mouse (NC_006914) and human (AC_000021) mitochondrial genome sequences were retrieved from the GenBank at the NCBI databases (http://www.ncbi.nlm.nih.gov/). By matching each of the sequencing reads to either the H or L strand of the mitochondrial genome, we extracted those that match perfectly to the mitochondrial genome and designated them as mitosRNAs. Identified mitosRNAs were then mapped onto mitochondrial genes. The number of mitosRNAs mapped to a particular mitochondrial gene and the size distribution of these mitosRNAs were analyzed and recorded. Sequence motifs of mitosRNAs were determined by analyzing the dominant occurrence of each of the four nucleotides (A, T, G, or C) at the first four positions at the 5′-ends and the last 4 positions at the 3′-ends of mitosRNAs. Nucleotides with an occurrence rate of > 25% were plotted against their positions at either the 5′ or 3′ ends of mitosRNAs.
Deep sequencing reads were aligned to the mitochondrial genome (hg19) with tMAP (Life Technologies) and subsequently matched to annotated mitosRNA sequences with Sequery v1.0. Raw reads were normalized to account for sequencing depth. This was achieved by tMAP alignment to hg19 (not including the mitochondrial genome), calculating the ratio difference in reads between Rho0 (mtDNA-depleted) and WT PNT1A cell libraries (~0.492), and multiplying the WT reads by this ratio to adjust for differences in sequencing depth. Normalized values were used to calculate expression values relative to PNT1A WT expression where all normalized values were divided by the corresponding wild-type normalized value. Heat map showing the relative expression for each of the mitosRNAs in WT or Rho0 (mtDNAdepleted) PNT1A cells was generated using the Partek Genomics Suite 6.6 (Partek).
MitosRNA nomenclature
MitosRNA sequences were named based on the mitochondrial genes (37 in total) or two mitochondrial genomic regions including the origin of replication for L strand (OL) region and the D-loop region, from which mitosRNAs are derived from or are complementary to. All individual mitosRNAs (1 499 Tables S2-S5 ). Most of the mitosRNAs were mapped to one gene, but if a sequence spanned more than one mitochondrial gene/region, the direction of the overrun segment was indicated after the abbreviated gene name by either "+", which stands for a overrun extending toward upstream in a 3′→5′ direction, or "−", which means a overrun towards the downstream in a 5′→3′ direction. Antisense sequences were indicated by an asterisk ("*") after the abbreviated gene name or overrun indicator (if present). Multiple sequences matching to a particular gene were generally ordered so that sequences were numbered from their start position closest to the start of the gene. A mitosRNA name follows the format:
, e.g., 'hsa-mitosR-H-Q*_1-5 indicates a human mitosRNA cluster containing 5 individual mitosRNAs (1-5) that are derived from the H-strand gene TrnQ in an antisense orientation; "mmu-mitosR-H-R1-1-87" refers to a murine mitosRNA cluster consisting of 87 individual mitosRNAs derived from the H-strand gene Rnr1 in a sense orientation. "hsa-mitosR-L-Y+_3" indicates a human mitosRNA derived from the L-strand gene TrnY, but a small portion was matched to an upstream gene in the 3′→5′ direction (TrnC).
PCR-based quantification of mitosRNA
Preparation of the srcDNAs and PCR analyses of mitosRNAs were performed as described [28] . Primer sequences used for qPCR-based expression profiling are shown in Supplementary information, Table S1 . TaqMan-based real-time PCR was used in small RNA quantification and U6 snRNA was used as the endogenous control, as described previously [17] . Large RNA cDNAs were used as PCR templates to quantify mitochondria rRNAs and mRNAs. SYBR Green-based real-time PCR was used in large RNA quantification and Gapdh mRNA was used as an endogenous control as described [27, 60, 62] .
Confirmation of the 5′ phosphate in mitosRNAs
Small RNAs isolated from mouse and human small intestines were polyadenylated, and poly(A)-tailed small RNAs were then purified as described [28] . Purified small RNAs (~1 µg) were treated with or without 2 µl (2U) of calf intestinal alkaline phosphatase (CIAP) (Promega) in a reaction volume of 50 µl, and the reaction mixtures were incubated at 37 °C for 1 h. RNA samples were purified by phenol:chloroform and column extraction [28] . About 2 µg of poly(A)-tailed and dephosphorylated RNAs were ligated with 3 µg of a 5′ RNA adapter, and ligated RNAs were purified again [60] . Ligated RNAs were reverse-transcribed with the RTQ primer [28, 60] . srcDNAs were amplified with a long 5′ linker primer miRT-2, followed with a short primer miP2 by PCR (Supplementary information, Table S1 ). The PCR reaction was performed in a 25 µl reaction volume containing 12.5 µl of 2× GoTaq Green Master Mix (Promega), 5 µl of the synthesized srcDNA, 10 mM of miRT-2, and 10 mM of RTQ using the GeneAmp PCR system 2700 (Applied Biosystems). Stepdown PCR conditions were as follows: 95 °C, 2 min, (95 °C, 1 min; 63 °C, 30 s; 72 °C, 1 min) 2 cycles, (95 °C, 1 min; 60 °C, 30 s; 72 °C, 1 min) 2 cycles and (95 °C, 1 min; 57 °C, 30 s; 72 °C, 1 min) 3 cycles. After the PCR cycles, 10 mM of miP2 was added to the reaction and returned for additional cycles on the PCR system. Additional cycles were: 95 °C, 2 min, (95 °C, 1 min; 60 °C, 30 s; 72 °C, 1 min) 10 cycles, (95 °C, 1 min; 57 °C, 30 s; 72 °C, 1 min) 20 cycles and 72 °C, 5 min. After PCR, 75 µl of nuclease-free water was added to the srcDNAs. Each mitos-RNA was amplified with a mitosRNA-specific reverse primer and the universal reverse primer RT-UN1r by PCR. The PCR reaction was performed as described above except for using 1.5 µl of the amplified srcDNA and 10 mM of each mitosRNA-specific reverse primer (Supplementary information, Table S1 ). The PCR conditions were: 95 °C, 2 min, (95 °C, 1 min; 55 °C, 30 s; 72 °C, 1 min) 30 cycles, and 72 °C, 5 min. After PCR, 2 µl of the PCR products were analyzed on a 2% agarose gel. All PCR products were gelextracted and subcloned into pcDNA3.1 TOPO cloning vector [60] . The cloned PCR products were amplified by colony-direct PCR, purified and sequenced with primers pcDNA and BGHr as described [60] at the Nevada Genomics Center (University of Nevada, Reno, USA).
Mitochondria purification
For northern blot analyses, mitochondrial and cytosolic fractions were isolated from brain or liver using a Mitochondria Isolation Kit (Pierce) according to the manufacturer's protocol. Briefly, ~200 mg of brain or liver tissue was washed twice with 1.5 ml PBS and cut into small pieces followed by addition of 800 µl of PBS. Tissue was disrupted using a tissue homogenizer TissueTearor (BioSpec) on ice followed by centrifugation at 1 000× g for 3 min at 4 °C and then the supernatant was discarded. The pellet was resuspended in 800 µl of BSA/Reagent A Solution, vortexed at medium speed for 5 s, and incubated on ice for 2 min. After incubation, 10 µl of Mitochondria Isolation Reagent B was added, and the tube was vortexed at maximum speed for 5 s. The tube was incubated on ice for 5 s, vortexing at maximum speed every minute. After incubation, 800 µl of Mitochondria Isolation Reagent C was added and mixed. The tube was centrifuged at 700× g for 10 min at 4 °C. The supernatant was transferred to a new tube whereas the pellet containing the nucleus and cell debris was saved for small RNA isolation. Supernatant was centrifuged at 3 000× g for 15 min at 4 °C. The supernatant was removed from the mitochondrial pellet. The supernatant (cytosolic fraction) was also saved for small RNA isolation. The mitochondrial pellet was washed with 500 µl of Wash Buffer, centrifuged at 12 000× g for 5 min at 4 °C and the supernatant was discarded. Five mitochondrial pellets were combined and used to isolate small RNAs along with the two saved fractions (nucleus and cytosolic fractions).
For western blot analyses, mitochondria were isolated from human HEK293T cells using magnetic beads-based mitochondria isolation Kit (Miltenyi Biotec) according to the manufacturer's instructions. Briefly, anti-TOMM22 magnetic beads were added to the cell lysates to label the mitochondria, followed by mitochondria isolation in the magnetic field. Isolated mitochondria and total cell lysates were collected for western blot analyses.
Small RNA northern blot analysis
For mitosRNA detection, northern blot analyses were performed using a mirVana miRNA Probe Construction Kit (Ambion). provided in the Kit. Each synthesized oligonucleotide (200 µM) was annealed with 2 µl of the T7 promoter primer in 6 µl of DNA hybridization buffer at 70 °C for 5 min, followed by incubation at room temperature (RT) for 5 min. To prepare for dsDNA template, end-filling reaction was performed by adding 2 µl of Klenow Reaction Buffer, 2 µl of 10× dNTP Mix, 4 µl of nuclease-free water and 2 µl of Exo-Klenow at 37 °C for 30 min. In vitro transcription was carried out to make RNA probes in a 20-µl reaction containing 1 µl dsDNA template, 2 µl 10× Transcription buffer, 1 µl 10 mM ATP, 1 µl 10 mM GTP, 1 µl 10 mM CTP, 5 µl [α- 32 P] UTP at 800 Ci/mmol and 10 mCi/ml (3.125 µM) and 2 µl T7 RNA Polymerase at 37 °C for 15 min as described in the mirVana miRNA Probe Construction Kit protocol. After reaction, DNase I was added and incubated at 37 °C for 10 min. The labeled RNA probes were purified using a purification filter cartridge provided in the mirVana Probe & Marker Kit (Ambion). Briefly, the Binding/Washing Buffer (12 volumes of the sample) was added to the sample and mixed thoroughly. The mixture was applied to a purification filter cartridge and centrifuged. The cartridge was washed with 300 μl of the Binding/Washing Buffer. RNA probes were recovered with two sequential elutions using 20 μl of preheated (95 °C) Elution Buffer each time. The yield of the radiolabeled RNA probes was determined by scintillation counting using Ecoscint O (National Diagnostics). About 2.5 μg of small RNAs isolated from the brain, heart, liver, small intestine, testis, ovary, liver or brain subcellular fractions (mitochondrial, cytoplasmic and nucleus) were used for northern blotting. To remove DNA from the RNA samples, DNA removal reaction was carried out using DNA-free Kit (Ambion) according to the manufacturer's protocol except for adding 1 µl of Recombinant Ribonuclease Inhibitor (Ambion) to each sample to protect the RNAs from RNases. The RNA samples were recovered by centrifugation at 9 000 rpm for 5 min. Concentration of the recovered RNAs was measured using the ND-1000 spectrophotometer (NanoDrop Technologies, Inc.). About 2 μg of the RNAs were mixed with equal amounts of Gel Loading Buffer II provided in the mirVana Probe & Marker Kit. The samples were incubated at 95 °C for 3 min and separated on a 15% denaturing polyacrylamide gel. RNAs were transferred onto a blot membrane Hybond-XL (Amersham Biosciences) using the Panther Semidry Electroblotter (Owl Separation Systems). Prehybridization of blots in ULTRAhyb-Oligo Hybridization Buffer (Ambion) was carried out at 65 °C for 30 min followed by 42 °C for 30 min. About 1 μl (~ 1×107 cpm) of the purified RNA probe was diluted into a total volume of 10 μl with TE buffer, denatured at 93 °C for 2 min and added to the prehybridization solution. The blot was hybridized at 42 °C for 12 h. After hybridization, the blot was washed in NorthernMax Low Stringency Wash Buffer (Ambion) three times for 5 min at RT followed by 30 min at 42 °C. The blot was wrapped in a plastic wrap, exposed to a phosphorimager, and scanned on the ChemiDoc XRS and Molecular Imager FX imaging system (BioRad). The blot was partially stripped and hybridized with the 5S rRNA probe labeled with the same [α- 32 P] UTP for a RNA loading control. 5S rRNA was used as an endogenous loading control (Figure 4) . Although it is encoded in the nuclear genome, high levels of 5S rRNA have been detected in mammalian mitochondria [63] [64] [65] [66] .
Small RNA transfection assays
Antisense and sense oligo RNAs (Supplementary information, Table S1) were synthesized in a 100-nmol scale with a standard desalting method (IDT) or in a 250-nmol scale with HPLC purification (Exiqon). Synthesized RNAs were diluted in 5× siRNA buffer (Dharmacon) in a concentration of 5 µg/µl, and diluted RNAs were incubated at 90 °C for 1 min and 50 °C for 10 min. Antisense or sense RNA oligos were transfected into NIH 3T3 cells grown on a 6-well plate using the RNAiFect transfection reagent (QIAGEN). 1μl of RNA oligos (5 µg) was combined with 8 µl of RNAiFect in 100 µl of EC-R buffer. The RNA reaction was incubated at RT for 10 min and RNA complexes were added to 3T3 cells. The cells were rocked gently in a CO2 incubator at 37 °C for 30 min. The transfected 3T3 cells were cultured for 24 h. The cells were washed with PBS buffer and trypsinized with 0.25% trypsin (Invitrogen). Small RNAs were isolated from the cells. SrcDNAs were prepared and qPCR was performed and analyzed as described [28] .
Preparation of mtDNA-depleted PNT1A cells mtDNA-depleted PNT1A cells were prepared as described previously [33] . Briefly, PNT1A cells were grown in RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS). PNT1A cells were treated with ethidium bromide (EtBr, 100 ng/ ml) to induce mtDNA depletion. After 30 days of culture in the presence of EtBr, cells were screened for mtDNA content by PCR and Southern hybridization. To generate mtDNA-less (Rho0) PNT1A cells, mtDNA-depleted cells were grown for additional 15 days in the presence of EtBr. The complete depletion of mtDNA was confirmed as described previously [33] .
Purification of Dicer-null or Drosha-null pachytene spermatocytes and Dicer-null testicular Sertoli cells
Pachytene spermatocytes were purified from the testes of male germline-specific Dicer cKO (Dicer lox/lox , Rosa26mTmG+/ tg, Stra8-iCre) and control (Rosa26mTmG+/tg, Stra8-iCre) mice using the STA-PUT method described previously [17, 34, 67] . Sertoli cells were purified from the testes of a Sertoli cell-specific Dicer cKO (Dicerlox/lox, Rosa26mTmG+/tg, Amh-Cre) and control (Rosa26mTmG+/tg, Amh-Cre) mice [35] using fluorescenceactivated cell sorting (FACS) on a Becton Dickinson FACSAria II. The generation and characterization of these conditional knockout mouse lines were described previously [17, 34, 35] .
Western blot analyses
Protein isolation and western blot analyses were performed as described [68] [69] [70] . GAPDH was used as a loading control. The mouse anti-MTCO1 (Cat# ab14705), the mouse anti-COX4 (Cat# ab14744) and the mouse anti-TOMM22 (Cat# ab57523) monoclonal antibodies were purchased from Abcam Inc. Rabbit anti-GAPDH (Cell Signaling Technology, Cat# T4026) polyclonal antibodies were used. The rabbit anti-DICER and rabbit anti-AGO2 polyclonal antibodies were generated by GenScript Inc. according to our antigen design and the specificity of these antibodies has been verified previously [17, 34] .
